Nelson AJ, Juraska JM, Ragan BG, Iwamoto GA. Effects of exercise training on dendritic morphology in the cardiorespiratory and locomotor centers of the mature rat brain. J Appl Physiol 108: 1582-1590, 2010. First published March 25, 2010 doi:10.1152/japplphysiol.00137.2009.-It has been shown that dendritic branching in neural cardiorespiratory and locomotor centers can be attenuated with exercise training (ET) initiated immediately after weaning. The purpose of this study was to determine whether neuroplastic changes occur within cardiorespiratory and locomotor centers due to ET after maturation. Male SpragueDawley rats (21 days old, n ϭ 28) were individually housed in standard cages. At 91 days of age, animals were divided into two groups: untrained (UN; n ϭ 14) and trained (TR; n ϭ 14). The TR group exercised spontaneously for 50 days on running wheels. ET indexes were obtained, including maximal O 2 consumption, percent body fat, resting heart rate, and heart weight-to-body weight ratios. The brain was processed with a modified Golgi-Cox procedure. Impregnated neurons from the periaqueductal gray (PAG), posterior hypothalamic area (PH), nucleus of the tractus solitarius (NTS), cuneiform nucleus (CnF), rostral ventrolateral medulla, nucleus cuneatus, and cerebral cortex were examined. Neurons were traced and analyzed using the Sholl concentric ring analysis of dendritic branching. The mean total number of dendritic intersections with the concentric rings per neuron per animal were compared between UN and TR groups. There were significant differences between UN and TR groups in the PH, PAG, CnF, and NTS in the total number of intersections per animal. In some areas, the effect size was smaller when ET was initiated in mature animals, possibly related to their relatively reduced activity levels. In conclusion, the adult rat brain remains dynamic and adapts to chronic ET. However, some brain areas appear to be more affected if ET is initiated in early postnatal development.
Golgi staining; dendritic branching; adult plasticity A RECENT STUDY from our laboratory (39) showed dendritic attenuation within the cardiorespiratory and locomotor centers (CRLCs) of the brain due to voluntary wheel running that began immediately after weaning. However, it was not clear whether these intrinsic changes occur with exercise training (ET) in adult animals.
Although Gootman and colleagues (20) investigated the development of central autonomic regulation in several species, the growth curve for structural development of CRLCs of the rat brain has been poorly studied. Conversely, dendritic development in some cortical areas has been well defined. For example, Juraska (27) demonstrated that dendritic development continues from 15-60 days of age in the rat visual cortex. Although these changes in the dendritic tree may still be possible after 60 days, growth curves generated by this study (27) do not suggest that substantial structural growth persists beyond this age. It is important to note that the same growth patterns may not exist in all areas of the developing rat brain.
In addition to structural developmental changes, brain maturation has been characterized by a peak of cerebral energy metabolism and blood flow (37, 51) . Local cerebral metabolic rates for glucose (LCMR glcs ) are low on days 10 -17 in the rat, increase by 50 -100% between days 17 and 21, and continue to increase by a mean value of 25% until day 35 (37) . Based on LCMR glcs , Nehlig et al. (37) suggested that the hypothalamus matures by day 35 (the approximate age of puberty in the rat). However, cerebral glucose utilization matures further in some brain regions until the young adult stage (ϳ60 days) (37) .
Our goal was to avoid the potential contribution of development and investigate the possible neuroplastic effects within CRLCs occurring after maturation. Evidence has indicated that neuronal plasticity in a number of brain regions continues through adulthood. Work by Greenough and colleagues (10, 21, 22, 28) has demonstrated that experience-induced morphological plasticity is apparent in both young and adult animals. Uylings et al. (56) also noted dendritic plasticity within the adult occipital cortex in animals reared in differential environments.
We hypothesized that the intrinsic effects of ET on the central nervous system (CNS) are in part a result of processes involved with remodeling that may be initiated after the animal becomes an adult and thus are not dependent on development. We used a Golgi-Cox staining procedure to examine the dendritic branching pattern of six areas of the brain associated with cardiorespiratory and/or locomotor activity in trained (TR) and untrained (UN) adult animals.
METHODS
All animal use was approved by the Institutional Animal Care and Use Committee of the University of Illinois under protocol no. 03151.
Animal preparation. Twenty-eight male Sprague-Dawley rats arrived as 21-day-old weanlings from the vendor (Sasco/Charles River) and were kept in individual cages. All animals were maintained in a temperature-controlled environment, fed ad libitum, and kept on a 12:12-h light-dark cycle. These animals were later randomly divided into two groups: TR (n ϭ 14) and UN (n ϭ 14). TR rats were provided with a running wheel of 106 cm in circumference (Nalgene) that was placed inside their cage at an age of 91 days, which is young adulthood in rats. Spear (52) has suggested that adolescence occurs before 55 days in male rats. TR rats were allowed to exercise spontaneously for 50 days. The total number of wheel rotations was recorded daily for the duration of the experiment. The total distance run by each animal was then calculated from the total number of wheel rotations. The wheels were integral to the rats' home cages; thus, they were never separated from the wheels once ET began, except for testing for training indexes, until rats were euthanized. UN rats were not provided with a running wheel.
Treadmill familiarization. At the end of the 50-day training period and 4 -6 days before the final aerobic test, all animals were given two familiarization trials on the treadmill apparatus (11) to adapt them to the testing environment. Each familiarization trial lasted 7 min, and trials were conducted on nonconsecutive days. The speed during the first familiarization trial increased progressively from 10 to 15 m/min throughout the 7-min duration. The speed during the second familiarization trial increased progressively from 15 to 20 m/min.
Maximal O 2 consumption testing protocol. Maximal O2 consumption (V O2max) was determined for all rats according to previously established methods (24) . This method uses a metabolic chamber designed to fit into a stall of a four-lane rodent treadmill and uses the techniques described by Brooks and White (11) for determining O2 consumption and the rate of elimination of CO2. V O2max was determined by having each rat perform two maximal exercise tests, as carried out in our previous work (39) , according to the Helwig/Musch protocol (24) .
Gross anatomical and physiological adaptations to wheel running. Two days after the second V O2max test, rats were briefly sedated by halothane inhalation. Immediately after animals became manageable, they were anesthetized with a combination of ␣-chloralose (65 mg/kg) and urethane (800 mg/kg) administered intraperitoneally. The resting heart rate (HR) of each animal was measured using the amplified ECG signal and processed using a Gould Biotach. Each animal was weighed. Body composition analysis using dual-energy X-ray absorptiometry (DEXA; Hologic 4500A) was performed on each animal. All animals were euthanized with an overdose of pentobarbital sodium. Their hearts were removed and weighed. The entire brain was removed and used for the analysis of neuroplastic adaptations.
Tissue preparation. Brains were removed, immersed in Golgi-Cox impregnation solution (18, 19) , and stored individually in glass jars and kept in a light-safe box. The Golgi-Cox solution was composed of potassium dichromate, potassium chromate, and mercuric chloride in an aqueous solution (18, 19) . Forty-eight hours later, the Golgi-Cox solution was renewed, and the brains were returned to the light-safe box for 2 wk.
The tissue was frozen, and 200-m coronal sections of the entire brain were obtained from a sliding microtome (46) . Coronal sections were mounted on 2% gelatin-coated slides and pressed to the slides using moistened bibulous paper. Each slide was kept in a humidity chamber for a minimum of 4 h. Slides were placed in glass staining dishes and processed according to Gibb and Kolb's (18) Golgi-Cox procedure as described by our previous work (39) .
Selected sections of the neuraxis were analyzed quantitatively. Twenty Golgi-Cox-stained neurons from each of the seven areas in each animal were traced at a total magnification of ϫ400 using an Olympus BH2 microscope equipped with a drawing tube. The neurons traced were chosen by an independent investigator blind to the experimental conditions to minimize any bias. Neurons were only used in these analyses if the whole neuron and its processes were visible and traceable without intervening obstructions by which the continuity of the dendrites could not be determined.
Localization of CRLCs and control areas investigated. Golgiimpregnated neurons from seven areas of the brain were examined, including the periaqueductal gray (PAG), posterior hypothalamic area (PH), nucleus of the tractus solitarius (NTS), cuneiform nucleus (CnF), rostral ventrolateral medulla (RVL), nucleus cuneatus (Cu), and frontal area I/hindlimb area of the cortex (CTX).
The cardiovascular controlling network within the PAG is organized in columns (1) . The dorsomedial column extends through the entire length of the dorsal PAG. A 1.00 ϫ 1.50-mm sampling area in the caudalmost PAG within the dorsomedial and dorsolateral columns was chosen for analysis and is located on section ϩ0.28 of the Paxinos and Watson rat brain atlas (41) .
The PH has been identified as a "defence" area and locomotor region and is located within the anatomical boundaries of the fornix, mamillothalamic tract, and third ventricle (47, 57) . Sections ϩ4.84 to ϩ4.70 of the Paxinos and Watson rat brain atlas (41) were chosen for the purposes of this study. A single 1.50 ϫ 1.50-mm sampling area was superimposed over the PH.
The NTS coordinates autonomic function by relaying visceral afferent input, which controls HR and blood pressure (2, 43) . Hindlimb somatic input, including that of muscle afferents, also has a major contribution to this area (55) . It is thought by some that this input is involved in resetting the baroreceptor reflex sensitivity during exercise so that the system can function at a higher blood pressure (44) . The NTS is located in the dorsal medial medulla and was targeted at a level corresponding to section Ϫ4.30 (referenced to the interaural line), which was adapted from the Paxinos and Watson rat brain atlas (41) . A single 0.50 ϫ 3.00-mm sampling area was superimposed bilaterally over the medial NTS.
The anatomical RVL is located within the reticular formation and can be identified on section Ϫ3.30. Bilateral 1.00 ϫ 0.50-mm sampling areas were used for RVL cell sampling. The anatomical RVL is the principal sympathoexcitatory pathway from the brain stem, receives projections from the NTS and/or projects to other autonomic control areas (14) , and mediates the somatic pressor reflex (54) .
The CnF is a readily discerned part of the mesencephalic locomotor region (50) , and available evidence has suggested its involvement as a sympathoexcitatory site (30) . This area was targeted at a level corresponding to section ϩ0.28 (referenced to the interaural line). A 0.50 ϫ 1.00-mm sampling area was placed bilaterally over the area of interest for cell selection.
The Cu is located on section Ϫ4.30. Bilateral 0.50 ϫ 1.00-mm sampling areas were superimposed over the Cu. The Cu composes part of the dorsal column nuclei, where afferent fibers relay in the dorsal column lemniscal sensory system (58) .
Pyramidal cells from layers II and III in the hindlimb area and adjacent frontal area I of the CTX could be directly compared with a previous study (59) and were examined to ensure that the neurons were properly stained. Apical and basilar branches were analyzed together for the present study. The CTX area is located on section ϩ7.20. Bilateral 1.50 ϫ 1.50-mm sampling areas were placed over the CTX area of interest for sampling.
Visualization of neurons. Not all animals processed for Golgi staining yielded useable tissue in every area of interest because dissection and tissue sectioning causes inadvertent mechanical damage. Therefore, tissue from 14 animals (n ϭ 7 UN and 7 TR animals) was used to evaluate each area. Each area was further delineated by superimposing a 5 ϫ 5 rectangular grid over known anatomic landmarks using an eyepiece reticle. Representative photomicrographs using a multiplane layering technique are shown in Fig. 1 .
Analysis of neurons. The general soma morphology was categorized as multipolar, ovoid, or fusiform in all areas, except for the CTX, for descriptive purposes. The CTX consisted of only pyramidal (multipolar) cells. In addition, the long and short axes of each soma were recorded. The average of these measures was taken as the average soma "diameter," an index of cell size (12) . Each neuron was then analyzed using Sholl analysis (49) of dendritic branching, which assumes that dendritic arborization is an indirect measure of available postsynaptic space. A series of concentric rings calibrated at 20-m intervals were superimposed on each neuron and centered on the cell body, as shown in our previous work (39) . Intersections between dendrites and each concentric ring were then counted. The location and number of intersections were then plotted and also used for statistical comparisons.
Data analysis. All data are reported as means Ϯ SE. Individual means were compared between groups using a Student's t-test for each of the aerobic training indexes under investigation. For a group difference to be statistically significant, P values of Ͻ0.05 had to be achieved. When evaluating the training effect, the one-tailed approach was used if the training adaptation had been previously documented (48) .
The Sholl analysis was enhanced with the use of a repeatedmeasures ANOVA applied to the dendritic intersections found at each concentric ring. In addition, a two-way repeated-measures ANOVA with factor 1 being "TR or UN" and factor 2 being "branch order" was also applied to the numbers of dendrites according to their order of branching. This was followed by the Tukey/Kramer post hoc test to determine specific points of statistical significance. The total number of dendritic intersections and the average diameter of each soma was also compared between UN and TR groups in each area using a t-test.
The difference between starting exercise in adulthood and immediately postweaning was explored by comparing the results of the present study with those of our previous study (39) . The previous study had two training groups: 1) young animals that began ET at postnatal day 21 and exercised for 56 days (56-day) and 2) adult animals that began ET at postnatal day 21 and exercised for 85-120 days (85-day). The four CRLCs that previously showed changes to ET (39) were compared with the present results. Due to mechanical damage of the tissue, the PH data could not be completed in the 56-day animals. For comparisons of all three groups of animals with differing ET conditions, effect sizes were used to place the results of the multiple studies on the same common scale. Effect sizes were calculated using Cohen's (15) d equation:
where C is the mean of the control group, T is the mean of the treatment group, and C represents the SD of the control group. While either group's SD was suggested by Cohen, we used the SD of the control group to eliminate any possible influence on variability that the treatment may have caused. Effects sizes were interpreted and evaluated using Cohen's guideline, where d Ͻ 0.2 is considered small, d between 0.4 and 0.6 is moderate, and any d Ͼ 0.8 is large (17) .
RESULTS
Wheel running. On average, TR rats (n ϭ 14) ran 4,103 Ϯ 494 m/wk. A peak in the total amount of running performed per week occurred at week 5 (Fig. 2) .
Absolute body and heart mass data. There were no significant differences in both absolute body mass and absolute heart weight between TR and UN animals ( Table 1 ). The heart weight-to-body weight ratio was, however, significantly different between TR and UN rats in the present study (Table 1) . There were no significant differences between TR (3.34 Ϯ 0.1) and UN (3.20 Ϯ 0.1) animals when the heart weight-to-fat-free mass ratio (in g/kg) was calculated for each animal.
Body composition. Body weight ranged from 318 to 484 g in the present investigation, which was above the weight minimums (Ͼ200 g) needed for DEXA scanning to be feasible (6) . TR rats had a significantly higher percent fat-free mass than UN rats (TR rats: 96 Ϯ 1% and UN rats: 92 Ϯ 1%).
HR training effect. After being anesthetized, the resting HR of each animal was obtained using an ECG. Spontaneous wheel running resulted in a significantly decreased resting HR in TR rats compared with UN rats (Table 1) .
values were obtained at average speeds of 53 Ϯ 2 m/min for TR rats and 37 Ϯ 2 m/min for UN rats. V O 2max was significantly higher for TR rats compared with UN rats (Table 1) .
Analysis of dendritic intersections. Data for the analysis of dendritic intersections are shown in Figs. 3 and 4 , which show the mean number of intersections per neuron between each ring in a series of concentric rings of all seven anatomical areas studied. Note that the same general trend was found for each of the CRLCs investigated in that the mean number of intersections per neuron decreased as the distance from the cell body increased. UN rats had a higher number of intersections per neuron than TR rats at each concentric ring in many of the CRLCs. These aspects and the specific concentric rings at which significant differences were found are shown in Figs. 3 and 4. Figure 5 shows the mean total number of intersections per animal and thus represents the total dendritic field. There were significant differences between TR and UN rats in the PH, PAG, CnF, and NTS. Figure 6 shows the total dendritic intersections in the NTS and CnF in the 56-day animals from our previous study (38) but expressed as total numbers with the addition of a data set from the PAG. The total number of intersections were significantly less in TR animals in the PAG, CnF, and NTS. Soma size and morphology. The average diameter of cell bodies was significantly different between groups in the PH, CnF, and Cu, as shown in Table 2 . No significant differences were found in the CTX, PAG, RVL, and NTS. The vast majority of neurons were multipolar. There were no significant differences between the UN and TR groups in any of the areas included in the sample with respect to soma morphology.
Number of dendrites by branch order. Although significant differences appeared in a number of the areas studied (Table 3) , these differences were present in both CRLCs (PH, CnF, and NTS) and control areas. The PH, CnF, and NTS demonstrated reductions in the number of third-order dendrites. The Cu and CTX also showed differences in the number of dendrites by branch order. The Cu showed an increase in the number of second-order dendrites, whereas the CTX showed a decrease in the number of third-and fourth-order dendrites.
Comparison with previous studies of neuroplastic adaptations to exercise training. For the purposes of comparisons with our previous studies (38, 39) , the data were evaluated for effect size. The data are here expressed as a formal statistic (Table 4) for changes in the four CRLCs that have shown significant attenuation in total dendritic branches with ET when undertaken as weanling pups (56-day ET or 85-day ET). Clearly, the effect size was greatest in animals that were run from 21 to 77 days of age (56-day ET), when running activity is at its peak. The effect sizes were less in 85-day ET animals but were similar to mature animals in the present study in both the PAG and NTS (Table 4 ). In the case of the CnF, there was a far smaller effect size when animals began ET when mature (Table 4) .
DISCUSSION
The present data demonstrate pronounced changes in dendritic morphology in CRLCs of the mature brain with ET. We showed that young adult animals exposed to a voluntary running wheel for 50 days, beginning ET at an age of 91 days, had significantly attenuated total dendritic fields in the PH, PAG, CnF, and NTS. This shows that the dendritic plasticity seen in adult animals exposed to ET is directionally comparable with that seen in 56-day ET and 85-day ET animals first Values are means Ϯ SE; n ϭ 14 rats/ group in the untrained (UN) and trained (TR) groups. *P Ͻ 0.01. Fig. 3 . Enhanced Sholl analysis of the number of Golgi-stained dendritic intersections per concentric ring in the nucleus tractus solitarius (NTS; A), PH (B), periaqueductal gray (PAG; C), and cuneiform nucleus (Cu; D) , including results of repeated-measured ANOVA of the average number of dendritic intersections. *Significance at P Ͻ 0.05; **significance at P Ͻ 0.01. exposed to ET as weanlings (38, 39) . However, when effect sizes are considered, the magnitude of differences in dendritic attenuation was less pronounced in some areas in animals that undertook ET as adults compared with young ET animals or adult animals that began ET at a young age. This could be attributed to the absolute amount of physical activity performed. While the adult animals in the present study ran 4,103 Ϯ 494 m/wk, our previous reports indicated that young ET animals ran 7,466 Ϯ 1,246 m/wk and adult animals that began ET at a young age ran 7,225 Ϯ 735 m/wk. When rats are provided with a voluntary wheel, the distance run per week declines with age (26) . This is a common phenomenon observed in rats as they age.
Despite this difference in physical activity, there was ample evidence of training effects in adult ET animals. An increase in the heart weight-to-body weight ratio and a decrease in resting HR occurred with 50 days of voluntary wheel running. This is consistent with findings by Chen and colleagues (13) , who demonstrated a 20% increase in the heart weight-to-body weight ratio and a 7% decrease in resting HR with 8 -13 wk of spontaneous running. The present study also demonstrated an (29) showed comparable results in moderately trained adult Sprague-Dawley rats. After 10 wk of moderate (65-70% of V O 2max ) treadmill training, V O 2max increased 28% in young adult rats (29) .
The average soma size reductions that were observed with ET are consistent, in at least the cases of the PH and CnF, with the reduction of the number of dendrites. Given that the processes within the cell body, such as synthesis of proteins, are responsible for the maintenance of overall cell structure, this is not surprising.
The decreases observed in the number of third-order dendrites in the PH, CnF, and NTS reveal the location of overall attenuation of dendrites. If one examines the location of the third-order dendrites for most of these sites, it is self-evident that they are relatively distal to the soma and first-order dendrites. The location of these changes may indicate that different populations of receptors might be selected for elimination or retention based on their relative position on the soma or dendrites.
Given that ET during adulthood stimulates long-term physiological adaptations (9, 25) and that chronic stimulation induces structural changes in other areas of the adult brain (10, 21, 28) , it was not surprising that ET led to neuroplastic changes in CRLCs of the adult brain. The mechanism underlying the dendritic attenuation described here and in our previous work (39) are unknown.
An important implication of these data suggests that these changes may contribute to the beneficial effects of ET in clinical conditions seen in adults. This would include a reduction of hypertension (42), an amelioration of the effects of heart failure (60), and the potent nonpharmacological antiarrhythmic effect on those susceptible to cardiac-related sudden death (7) . All of these conditions seem to involve a reduction of sympathetic activity. All of the CRLCs showing changes in the present study are known sympathoexcitatory sites (PH, PAG, and CnF) or are known to receive somatic input (NTS) thought to be involved with the resetting of the baroreflex at the higher pressures encountered during exercise (44) .
Collins and DiCarlo (16) have shown an attenuation of the sympathetic component of the baroreflex after ET similar to that used in the present study. More direct evidence for the participation by the NTS in adjusting the baroreflex has been Values are means Ϯ SE (in m); n ϭ 7 rats/group in the UN and TR groups. CTX, cortex; PH, posterior hypothalamic area; PAG, periaqueductal gray; Cu, nucleus cuneatus; RVL, rostral ventrolateral medulla; CnF, cuneiform nucleus; NTS, nucleus of the tractus solitarius. *P Ͻ 0.01. 
Values are means Ϯ SE. *P Ͻ 0.05; †P Ͻ 0.01. shown by Mueller and Hasser (36) . Furthermore, their data clearly indicate that responses to GABA A antagonist microinjection are reflective of changes due to ET (36) . While seemingly supportive of an increase in baroreflex sensitivity after ET, Michelini and colleagues (33) have also indicated that the NTS is involved in these changes due to ET. These investigators indicated that connections from the paraventricular nucleus appear to have a major involvement in this process (34) .
Beatty and colleagues (4), who also used a wheel running model of ET, clearly showed a decrease in the neuronal activity of PH neurons in spontaneously hypertensive rats. This may be indicative of a decrease in excitatory synapses and/or a shift toward inhibitory synapses in the PH.
Excitatory synapses have been shown to be relatively more concentrated on the distal portion of the dendrites as opposed to the proximal dendrites and soma in other model systems (45) . If one assumes that the cells are linked to sympathoexcitation (PH, CnF, and PAG) or baroreflex excitation (NTS), the attenuation of dendrites may likely correspond to the loss of sites of excitatory synapses. It seems reasonable to speculate that this may represent the underlying mechanism by which sympathetic activity is reduced both at rest and in response to dynamic changes and the sympathetic component of the baroreflex is attenuated with ET. Resting blood pressure and HR would certainly be reduced with a reduction of sympathetic outflow, as is the case in exercise effects on hypertension and the amelioration of effects in cases of heart failure. Furthermore, the instance of fatal arrhythmia is linked to a reduction of cardiac adrenergic activity with ET (8) .
It is of interest that the brain region studied with the most obvious impact on sympathetic activity, the RVL, did not exhibit a significant change in dendritic arborization. The RVL is the origin of the principal pathway from the brain stem to the spinal cord intermediolateral cell column, and its activity (nonadrenergic cells) is vital for the tonic maintenance of blood pressure and important (adrenergic, C1 cells) in other, more dynamic cardiovascular responses (23, 31) . This area is also likely involved with the generation of or relaying the 10-Hz rhythm in sympathetic nerve discharge, which is accompanied by an abrupt increase in blood pressure (3) . Evidence from treadmill (35) and swimming (32) ET studies have shown that there is an attenuation of sympathetic responses to stimulation of RVL. There is evidence that angiotensin receptors may be involved (5) . While it remains possible that our dendritic analysis may not be sensitive enough to detect subtle changes in the RVL, it is reasonable to speculate that the attenuation of responses due to RVL stimulation may be reflective of changes further "downstream." It may be counterproductive to have RVL cells subject to large structural neuroplastic changes if adjustments can be made upstream or downstream from them since their ability to maintain blood pressure or respond dynamically might be compromised.
A final implication lies with the interpretation of the effect size data. First, the effects due to ET are very large in all cases (15) . Furthermore, it would appear that in the three areas, which could be interpreted across 56-day, 85-day, and mature animals, that 56-day animals showed the greatest overall changes. In two of the areas, the NTS and PAG, the effects are largely equivalent in cases in which the animals undertook ET as weanling pups or mature animals and thus demonstrate that some effects on the nervous system can be similarly obtained later in life. However, it is clear that, at least in the CnF, the dendritic attenuation is greatest when the animals initiated ET as weanling pups. Some caution should be exercised in the interpretation of these data. The difference could simply be due to the greater total amount of ET by the animals that undertook ET as weanlings. We could not determine if the effect of dendritic attenuation in the PH was present at 56 days of physical activity. The effect size of 85 days of ET (beginning as weanlings) is still extremely large compared with animals who began ET when mature. While we cannot rule out that the overall duration of exercise contributed to this difference in effect size in the PH, it remains possible that this difference was due to the initiation of ET in young animals.
The data that showed a large effect in rats that began ET as weanlings as opposed to mature animals, especially in the CnF and PH, may be suggestive of a developmental window in which optimal effects of ET on the CNS might be obtained. The implications of these data for human health and physical activity for young children, as opposed to adults, are thus open to speculation and may suggest that physical activity throughout a lifetime has consequences for cardiorespiratory control in the CNS. It should be pointed out that these findings of dynamic changes in the adult have been observed in the brains of relatively young adult animals. The nature of ET effects on still older adult animals is open to speculation and may be more limited than that seen in the present study.
Limitations to the present study. A significant limitation to the present study is that while these brain areas are known to participate in cardiorespiratory and locomotor control, we have not identified these cells in terms of their specific function. Furthermore, the projection fields of these neurons and even their basic identity as excitatory or inhibitory neurons is not known, with the exception of the motor cortex. All cortical output is mediated through pyramidal cells (40) . Pyramidal cells are the major type of excitatory neuron here and use glutamate as their neurotransmitter (53) .
Conclusions. Our findings indicate that the adult brain remains dynamic and adapts to chronic voluntary wheel running. The effects of dendritic attenuation with ET appear to be associated with peak physical activity. Equivalent effects may be obtained in some brain areas, even if the animal initiates ET as an adult. However, at least two brain areas appeared to be more affected if ET is initiated in early postnatal development.
